Abstract During production of spray-dried infant formulas, spores of Bacillus cereus have to be inactivated in order to assure product safety. The heating step which aims at the inactivation of bacterial spores can be conducted either before concentration of the product or afterwards. However, spores tend to show increased heat resistance in concentrated products. The aim of this study was therefore to determine the inactivation kinetic parameters for the inactivation of B. cereus spores in concentrated infant formula as well as in non-concentrated infant food. Spores of B. cereus IP5832 were suspended in reconstituted infant formula (10 and 50% total solids) and heat-treated at temperatures from 90 to 110°C under shearing at g & ¼ 500 s À1 . Additionally, experiments at 95°C were performed in tubes without shearing in phosphate buffer and nonconcentrated infant formula. In tubes, the inactivation curves exhibited tailing. When applying heat and shear stress, linear inactivation curves were observed in both the concentrated and the non-concentrated infant formula. The kinetic parameters E a and k ref (ϑ ref =100°C) based on the employed Arrhenius model were 201 kJ.mol −1 and 0.011 s −1 and 201 kJ.mol −1 and 0.021 s −1 for the concentrated and the nonconcentrated medium, respectively. The D values in the concentrated product at the examined temperatures were twofold higher. The heat sensitivity (z value) of the spores was not altered by concentrating the medium. The data from this study can be used to design or evaluate heating processes for concentrated products aiming at the inactivation of B. cereus spores.
Introduction
Bacillus cereus is the causative agent of two different types of gastrointestinal diseases, the emetic type (intoxication) and the diarrhoeal type (toxiinfection) caused by different types of toxins (Stenfors Arnesen et al. 2008) . The symptoms are generally mild and self-limiting (Christiansson 2011) , but food-borne diseases of infants and small children caused by B. cereus can be severe as these are very susceptible (Shiota et al. 2010) .
Dried milk products including infant formulas were observed to be frequently contaminated with B. cereus, especially with its spores (Becker et al. 1994; Reyes et al. 2007; Shaheen et al. 2006) . Sources of B. cereus spores in milk products are the raw milk (via the soil at the farm), and the dairy plant equipment as the spores are able to attach to the equipment walls, where they can germinate and form biofilms that are not easy to remove (Becker et al. 1994; Christiansson 2011) . When spores are present in infant formulas, mishandling of the reconstituted products in households can lead to proliferation and toxin formation of both emetic and diarrhoeal type strains (Rowan and Anderson 1997; Shaheen et al. 2006 ) and pose thus a threat to the consumer's safety. In order to assure food safety, it is therefore necessary to inactivate the bacterial spores during processing of the product.
Although the spores of B. cereus have a comparatively low heat resistance, they are still able to survive heating processes used in food processing such as pasteurization (Christiansson 2011) . Stadhouders et al. (1982) stated that 10-20 s at 125°C are necessary to inactivate all B. cereus spores in milk. Dairy-based infant formulas are produced by the following main process steps: heating (e.g., 88-95°C, 15-30 s), concentration via evaporation and drying. Before spray-drying, the infant formula is concentrated to 45-50% dry matter (Becker et al. 1994; Schuck 2011 ). An improvement regarding product and process safety is to heat the product after the concentration step prior to the drying process, e.g., in a UHT process, as pathogenic bacteria might proliferate in the production plant (Stadhouders et al. 1982) . Additionally, recontamination might occur during evaporation due to vacuum conditions. However, the inactivation of mesophilic spores in concentrated milk products with a high dry matter content is slower than the inactivation in milk (Behringer and Kessler 1992b) . Inactivation kinetic parameters are needed to design safe heating processes. Yet, to our knowledge, no studies have been performed so far to examine the inactivation of B. cereus spores in concentrated infant formula.
High whey protein contents in dairy products lead to gel formation during batch heating due to denaturation of proteins and subsequent formation of disulfide bonds (Lucey 2008) . Gelation of the heating matrix renders the determination of inactivation kinetics in small tubes (batch heating systems) difficult as the heat transfer in a gel happens only via conduction; convection which occurs in liquids does not take place anymore. This leads to unevenly heated products. For this reason, a system enabling shearing of the product while heating needs to be employed for the determination of inactivation kinetics in order to assure uniform heat distribution in concentrated products.
In this study, the probiotic B. cereus strain IP5832 (ATCC 14893) was used as a surrogate for pathogenic B. cereus strains. Probiotic strains of B. cereus are used in animal feed products and also in products for human use (Cutting 2011; Duc et al. 2004) . Genes for the production of enterotoxins are present in probiotic strains (Duc et al. 2004) . The aim of this study was to determine kinetic parameters for the inactivation of B. cereus spores in concentrated and non-concentrated infant formula under shear conditions using a rheometer which prevents gelation of the reconstituted infant formula.
Materials and methods

Media for the thermal inactivation experiments
Inactivation experiments were conducted in three different media, phosphate buffer (0.01 mol.L −1 , pH 7.2), concentrated (approx. 50% total solids (TS)) and nonconcentrated (approx. 10% TS) infant formula (Bio Anfangsmilch, Hipp, Pfaffenhofen, Germany). Concentrated infant formula was prepared by mixing 10 g of infant formula powder with 10 g of boiling water. For non-concentrated infant formula, 2 g powder and 18 g water were used. The water activity of the infant formula preparations was measured with a water activity meter (AquaLab CX-2, Decagon Inc., Pullman, USA). Determination of the pH of the test matrix was carried out by means of a pH meter (WTW pH192, Wissenschaftlich-Technische Werkstätten, Weilheim, Germany). The TS content of the prepared media was determined by using the sea sand method. The non-concentrated infant formula (10% TS) had a pH of 7.1, an a W value of 0.999, and a TS content of 9.81%. The concentrated infant formula (50% TS) showed a pH of 6.9, an a W value of 0.973, and a TS content of 49.51%. For each experiment, the test matrix was freshly prepared.
2.2 Bacterial strain selection and preparation of spore suspensions for the thermal treatments The strain B. cereus IP5832 (ATCC 14893) used in this study was kindly provided by the Food Microbiology Unit, Clinic for Ruminants, Department for Farm Animals and Veterinary Public Health, University of Veterinary Medicine Vienna. The strain IP5832 is a probiotic strain. This strain was chosen as a surrogate for human pathogenic B. cereus strains since it proved itself heat resistant in our preliminary tests.
The production of the spore suspension was performed with minor corrections as described in Witthuhn et al. (2011) for mesophilic spores. B. cereus IP5832 was incubated and sporulated at 30°C. Brain heart infusion agar and broth supplemented with 1 mg.L −1 filter-sterilized vitamin B 12 (Merck, Darmstadt, Germany) were used for the cultivation of the vegetative cells. The cell suspension (0.5 mL) was transferred to a sporulation medium with the following composition: 5 g.L −1 peptone from casein (Merck), 3 g.L After 4 days of incubation, the sporulation degree was approximately 95%. The spores were harvested and washed. The spore suspension was stored at 2°C. Examination of the final spore suspension under the microscope revealed a high spore yield. Spore aggregation of minor extend (< 1% of the spores; 20-30 spores per aggregate) was observed. For the experiments in non-concentrated infant formula and in phosphate buffer, a second spore suspension with similar spore count and heat resistance was prepared. For the determination of the spore count of the final spore suspensions, serial dilutions in distilled water with subsequent spread-plating on tryptic soy agar were performed. The agar plates were incubated at 30°C for 4 days. The spore count was approx. 5×10 8 cfu.mL −1 .
Thermal treatment in metal tubes
Spores of B. cereus IP5832 were diluted in phosphate buffer and non-concentrated infant formula in order to achieve an initial spore concentration N 0 of approximately 10 7 cfu.mL −1 . Then, 1.5 mL of the spore suspension were filled in a stainless steel tube (three tubes per holding time) and heated in a water bath (Haake DC 10, Thermo Fisher Scientific, Waltham, MA, USA) at 95°C for different holding times from 10 to 90 min. For the experiments, the desired holding time was increased by 1 min to allow the steel tubes and their content to heat up (data not shown). After the heat treatment, a serial dilution in distilled water was performed for each sample. In addition, serial dilutions were performed with the samples to which one drop of Tween 80 (Roth) was added as surfactant to the undiluted sample. The diluted samples were spread-plated on tryptic soy agar and incubated at 30°C for 4 days. In order to determine the initial spore concentration, a serial dilution was performed for the untreated solution as well. The limit of detection was 10 cfu.mL −1 for these experiments.
2.4 Thermal treatment in a shear field using a rheometer
As dispersing medium, infant formula (10 or 50% TS; Bio Anfangsmilch, Hipp) was used. For the heating experiments, a rheometer (AR 2000, TA-Instruments, New Castle, USA) with a pressure chamber was utilized. For each run of the rheometer, 20 g of the test matrix were freshly prepared as described in section 2.1. To the infant formula 0.2 mL of the spore suspension was added, resulting in an initial spore count of the final mixture of approx. 10 7 cfu.mL −1 . After stirring the mixture on a magnetic stirrer to assure a homogeneous distribution of the spores, 10 g of the test matrix were weighed in the pressure chamber and heated in the rheometer at the desired temperature-time combination. During heating, shearing was applied at a constant shear rate of 500 s −1 . Due to the shape of the rotor in the rheometer (cylinder with cone on bottom side), the entire sample is sheared. The test matrix was allowed to cool down to 40°C in the rheometer. For the determination of the spore count, the whole sample was used. For the 50% TS infant formula, the sample was carefully collected from the chamber walls by means of a sterile spatula and united with the sample at the bottom of the chamber. Part of the sample was weighed in a sterile tube and diluted with sterile distilled water to achieve a 10 −1 dilution. The 10% TS infant formula sample was taken with a pipette. Serial dilutions were performed in distilled water. The diluted samples were spread-plated on tryptic soy agar and incubated at 30°C for 4 days. Determination of the initial spore count N 0 of the untreated sample was carried out in the same way. The inoculated and heated, non-heated, and sheared infant food samples were examined under an optical microscope (Axio Scope.A1, Carl Zeiss AG, Oberkochen, Germany; ×1,000 magnification) for the presence of spores and spore aggregates. However, it was not possible to detect the spores because of the numerous particles from the food matrix present in the image.
The limit of detection was 10 cfu.mL −1 for the experiments in 10% TS infant formula and, because of the high viscosity of the heating medium, 100 cfu.mL −1 for the experiments in 50% TS infant formula.
For the calculation of the inactivation kinetics, the entire temperature profile of each experiment was necessary. A temperature sensor (Pt100, class B, Ahlborn Mess-und Regelungstechnik, Holzkirchen, Germany) was installed in the pressure cell of the rheometer to record the temperature with a data logger (Almemo 2390-8, Ahlborn). The sensor allowed the measurement of the temperature directly in the heating medium. A temperature profile showing the temperature development in the sample during heating at 95°C for a holding time of 10 min is illustrated in Fig. 1 . Heating and cooling was comparatively slow, therefore the entire temperature profiles were employed in the calculation of the inactivation kinetic parameters (Dogan et al. 2009 ).
Calculation of kinetic parameters for the inactivation of B. cereus
Kinetic parameters for the inactivation of B. cereus in infant formula using the rheometer were calculated by applying the Arrhenius model (Eqs. 1 and 2) using MathCad 13.0 (PTC, Needham, MA, USA) as described by Dogan et al. (2009) and Witthuhn et al. (2011) . The results of the experiments at 90, 95, 100, 105, and 110°C and their corresponding temperature profiles were employed. A global method was used to determine the parameters using 373.15 K as the reference temperature (100°C). The entire temperature profiles were incorporated in the calculation. Only temperatures higher than 75°C were considered (Fig. 1) , and reaction orders different from 1 were also taken into account. The best-fit solution was calculated by iteration, minimizing the sum of squares of errors for all the experiments.
where N t is the colony count at time t (in colony-forming units per milliliter), N 0 the initial colony count (in colony-forming units per milliliter), n the order of the reaction (-), k ref the reaction rate constant at reference temperature (per second or s −1 (cfu.mL −1 ) 1 − n ), t the holding time (in seconds), E a the activation energy (in Joule per mole), R the universal gas constant (8.314 J.mol −1 .K −1 ), T the absolute temperature (in Kelvin), and T ref the reference temperature (373.15 K).
With the help of Eqs. 1 and 2, the activation energy E a , the reaction rate constant k ref , and the order of reaction n were calculated. The obtained values for E a and k ref were then converted into D ϑ -and z ϑ values using Eqs. 3 and 4. As the reference temperature, 100°C (373.15 K) was used.
As the two factors k ref and E a are related, joint confidence regions were calculated as described by Motulsky and Christopoulos (2003) using Eq. 5:
where SS E a ;k ref is the target sum of squares of errors for a predefined significance level (5%) for the parameters E a and k ref ; SS best-fit , the sum of squares of errors of the best-fit; F, the critical value of the F distribution; p, the degrees of freedom; and N, the number of experiments.
Results
Inactivation of B. cereus spores in phosphate buffer and 10% TS infant formula in metal tubes
The inactivation of B. cereus IP5832 spores in phosphate buffer in metal tubes without shearing exhibited tailing (decrease in spore count followed by no/little changes in the course of time) (Fig. 2) . The tailing became apparent after a holding time of 20 min at 95°C. When inactivating the spores in 10% TS infant formula at 95°C, tailing was also observed beginning after a holding of approx. 20 min. The shape of the inactivation curves in phosphate buffer and in 10% TS infant formula was similar. In non-concentrated infant formula, the spore count in the starting phase of the tailing was slightly higher, followed by a linear decrease, whereas the spore count did not change in the tail in phosphate buffer.
Inactivation of B. cereus spores in 10% TS and 50% TS infant formula in a shear cell
The results for the inactivation of B. cereus IP5832 spores at temperatures ranging from 90 to 105°C in infant formula (10% TS) at a shear rate of 500 s −1 are presented in Fig. 3 together with the predicted inactivation curves. The shown results represent the mean of three repetitions. Additionally, experiments were performed at 110°C. However, as the spores were inactivated below the limit of detection at 10 cfu.mL −1 , these results are not presented in Fig. 3 . In 10% TS infant formula, linear inactivation curves were observed.
The results for the inactivation of B. cereus IP5832 spores at temperatures ranging from 90 to 110°C in concentrated infant formula at a shear rate of 500 s −1 are presented in Fig. 4 with their corresponding predicted inactivation curves. The shown results represent the mean of three to four repetitions. Additionally, experiments were performed at 115 and 120°C. However, as the spores were immediately inactivated below the limit of detection (<100 cfu.mL −1 ), these results are not presented in Fig. 4 . The limit of detection for the experiments in concentrated infant formula (50% TS) was defined to be higher than for the experiments in phosphate buffer and in 10% TS infant formula, because this heating medium had a high viscosity. The inactivation of the spores in both media seemed to follow a first-order reaction at the examined temperatures. The inactivation of the B. cereus spores in 10% TS infant formula was faster than in 50% TS infant formula.
Kinetic parameters
With the data from the inactivation experiments in the shear cell, the kinetic parameters for the inactivation of B. cereus IP5832 spores in infant formula were calculated using the recorded temperature profiles of the experiments. Taking the entire temperature profile into account was essential as the heating-up and cooling-down times in the rheometer were long compared to the holding time (Fig. 1) . The determined kinetic parameters are summarized in Table 1 . Confidence contours of 95% for the parameters k ref and E a were calculated for the experiments in the shear cell. The confidence contours did not intersect; therefore, the inactivation of the spores in the two different media is significantly different. The predicted inactivation curves are shown in Figs. 3 and 4 . The goodness-of-fit is higher for the experiments with 10% TS infant formula. The confidence contour was smaller for these experiments. . The asterisk indicates data excluded from calculation of kinetic parameters
With the help of E a and k ref , the D ϑ values at different temperatures were calculated using Eq. 3. In Table 1 , D ϑ values for the inactivation of the spores in 10 and 50% TS infant formula are listed for different temperatures.
Discussion
Tailing of the bacterial inactivation curves
In both heating media, tailing of the inactivation curves was observed when heating the spores in metal tubes. Furukawa et al. (2005) attributed this behavior to the formation of spore aggregates during the heat treatment due to increasing hydrophobicity of the spores. However, the addition of Tween 80 as a surfactant as proposed by Furukawa et al. (2005) did not change the shape of the inactivation curves (data not shown). In all experiments, the initial spore count was kept at low amounts, approx. 10 7 cfu.mL −1 , in order to prevent aggregate formation in the initial spore suspension. If spore aggregates are present, one could assume that these are separated when being sheared during the experiments. This would in consequence lead to linear inactivation curves with a higher initial D value due to the disaggregation of spore aggregates. In the shear experiments, the thermal inactivation curves were observed to be linear, but the heat resistance did not seem to be higher than in the metal tubes. Heterogeneity in the wetheat resistance of individual spores in the spore suspension also leads to the observation of tailing (Russel 1982) . Ghosh et al. (2009) explained the significantly higher heat resistance of one fraction of the spore population with a lower core water content.
For the experiments in metal tubes, tailing of the inactivation curves was observed in both media. However, tailing was not observed in the shear cell for the experiments at 95°C in 10 and 50% TS infant formula. Tailing in the metal tubes became apparent after holding times >20 min, whereas under shearing conditions in the shear cell, no viable spores were detected at holding times >15 min in 10% TS infant formula (data not shown). Therefore, no further experiments were conducted at holding times >15 min. One reason for this observation is the additional inactivation effect occurring during the longer heating and cooling times in the shear cell. The heating and cooling rates were slow compared to those in the metal tubes. In this study, the inactivation of B. cereus spores in concentrated infant formula was determined and compared to the inactivation in non-concentrated infant formula. This was performed in order to assess the influence of concentration on the heat resistance of the spores in a subsequent heat treatment. The inactivation of B. cereus spores in concentrated and non-concentrated infant formula was examined at a temperature range of 90-110°C and kinetic inactivation parameters were calculated. Inactivation was faster in 10% infant formula than in 50% infant formula. The D ϑ values were approx. twice as high in 50% TS infant formula. The activation energy E a and thus the z ϑ value were not influenced by the heating medium.
In Table 2 , literature data for the inactivation of B. cereus spores in milk and milk concentrate are summarized. As information is lacking concerning the inactivation of (Mazas et al. 1999; Montville et al. 2005 ). This strain is an example for highly heat-resistant B. cereus spores (Montville et al. 2005) . B. cereus strains occurring naturally in milk, however, are already inactivated at more moderate temperature-time combinations (Janštová and Lukášová 2001) . Therefore, heating procedures aiming at the control of B. cereus IP5832 spores can be assumed to inactivate native spore populations in milk products. The D ϑ values for the inactivation of B. cereus IP5832 in 50% TS infant formula are higher than the values summarized in Table 2 , including the values determined in 10% TS infant formula. No data were available concerning the inactivation of B. cereus in concentrated infant formula. Behringer and Kessler (1992a, b) observed increasing D ϑ values for the inactivation of spores of different mesophilic Bacillus species when heated in skim milk concentrate instead of in skim milk which is in accordance with the presented data. However, for thermophilic spores, they found the opposite behavior at 40% TS, while Segner et al. (1963) determined a protective effect of milk concentrate (concentration degree: 3:1) on Bacillus stearothermophilus spores. Mazas et al. (1999) observed a small but nonetheless significant increase in the thermal resistance of spores of B. cereus ATCC 9818 when heated in concentrated skim milk (17% TS) instead of in skim milk, whereas no influence of the heating medium was detected for strains B. cereus ATCC 7004 and ATCC 4342. However, the TS content examined in the present study was much higher (50%) than in the study of Mazas et al. (17%) .
The test matrix 50% TS infant formula had a reduced a w value (a w =0.973) compared to milk and to 10% infant formula (a w =0.999). The pH of 10 and 50% infant formula was neutral. A reduction of the a w value leads to an increase of the D ϑ value (Coroller et al. 2001; Leguerinel et al. 2005) . Additionally, 50% TS infant formula has a higher buffering capacity than 10% TS infant formula because of the higher concentration of milk proteins (Salaün et al. 2005) . The pH of milk decreases with increasing temperature (Ma and Barbano 2003) . Therefore, it is possible that the pH in 50% TS infant formula decreases less than in 10% TS infant formula while heated which leads to an additional protective effect.
The susceptibility of the spores to temperature changes was not affected by the composition of the heating medium. The activation energies/the z ϑ values in 10% TS and in 50% TS infant formula were not different. This is in accordance with the data from Mazas et al. (1999) who observed that the inactivation of three different B. cereus strains was not influenced by the milk composition (fat, dry matter content). Also for other Bacillus species, no or just minor changes in the activation energy were determined with increasing milk concentration (Behringer and Kessler 1992a, b) . In another study, the thermal inactivation kinetics of Bacillus anthracis spores did not change when heated in skim milk and in whole milk (Xu et al. 2006) . Variations in the milk pH did not change the heat sensitivity of B. cereus ATCC 7004 spores (Mazas et al. 1998) , whereas in buffer, the z value changed with changing pH (Montville et al. 2005) . Gaillard et al. (1998) observed variations in the z values when lowering the water activity of the heating medium citrate-phosphate buffer from 1.0 to 0.86 at different pH values. For pH 6.5, the z value was lowest at a w =1.0 and increased with lower a w . For pH 4.5 and 5.5, the heat sensitivity was maximal at a w = 0.95 and decreased with higher and lower a w values. A difference between the z values at a w =1.0 and a w =0.95 (the a w -range examined in this study) was seen for all three pH levels tested. These findings were not confirmed within this study. Factors such as food texture or compounds other than those changing pH or water activity do not influence the heat sensitivity (Leguerinel et al. 2005) .
The z ϑ values determined for 50 and 10% TS infant formula in this study are higher than the values presented in Table 2 . However, these values were determined using the entire temperature profiles of the heating experiments and not only the holding time as in the other literature sources. When using the entire temperature profiles for the determination, the effect of the heating and cooling phases is included in the calculation. This effect is more pronounced at high temperatures and, if it is not considered, it will lead to lower D values at the higher temperatures and therefore also to lower z values.
Conclusion
Spores of the probiotic B. cereus strain IP5832 belong to the group of heat-resistant B. cereus spores in comparison to literature data. The inactivation of B. cereus IP5832 spores in concentrated infant formula (50% TS) led to twofold higher D ϑ values compared to the inactivation in non-concentrated infant formula. The heat sensitivity (z ϑ value) was not affected by concentrating the product. For the production of safe infant formulas, heating conditions have to be adapted if the concentrated product is heat-treated.
This study provides valuable data concerning the inactivation of B. cereus spores in concentrated and non-concentrated infant formula because, to our knowledge, no studies have been performed so far in this heating medium.
